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Humans have tripled their brain size since they split from the chimpanzee lineage. A new paper provides for
the first time functional evidence that an enhancer contributed to this expansion by accelerating the cell cycle
in neural progenitors.Mammalian brains come in different sizes.
This fascinates humans more than other
species since we think that our brain is
very special. Indeed, human brains are
about three-fold larger than the brain of
our ape relatives (Figure 1). Different
aspects have been studied in this context,
for example, which evolutionary
trade-offs play a role when evolving a
large and energetically expensive brain
[1], how independently different regions of
the mammalian brain can change their
size during evolution [2] and which
molecular and cellular mechanisms might
play a role (see e.g. [3] or [4] for a recent
review). The latter aspect, partly due to
an increased understanding of brain
development in mice, has recently gained
momentum. Since larger brains have
more neurons, they could achieve this
by making more neural progenitors,
an idea first formulated as the ‘radial
unit hypothesis’ [5]. If true, some of
the 20 million genetic changes that
occurred since humans split from the
chimpanzee lineage should affect the
proliferation of these cells. While genomic
analyses have generated many
hypotheses about potentially relevant
genetic changes, direct functional testing
of such hypotheses has remained rare.
As reported in a recent issue of Current
Biology, Boyd et al. [6] have for the first
time linked genetic changes in a
regulatory element to human brain size
evolution by such functional assays. The
authors show that the human version of
an enhancer regulating FZD8, a receptor
of the Wnt pathway, causes a faster cell
cycle in neural progenitors and an
increased brain size in mice, while its
chimpanzee orthologue does not have
such an effect.
To identify enhancers that might have
played a role during human brain size
expansion, Boyd et al. started fromCgenomic regions that in previous in silico
screens had been identified as evolving
faster on the human lineage (human
accelerated regions or HARs). They then
filtered for those that overlapped putative
enhancers in the developing mouse
brain identified by ChIP–Seq in previous
studies and tested six of these putative
human-accelerated regulatory enhancers
(HAREs) using transient transgenic mice
as a reporter assay. They focused on
HARE5 due to its robust expression in the
developing forebrain and its vicinity to
Frizzled 8 (FZD8), a receptor of the Wnt
signaling pathway that had previously
been implicated in brain development.
Using lacZ and fluorescence proteins as
reporters in stable transgenic mouse
lines, the authors then showed that
human and chimpanzee HARE5 both
drive expression in neural progenitor
cells, but that the activity of human
HARE5 is 10- to 30-fold stronger. At this
point other studies have stopped,
discussing how such an increased activity
could be functionally relevant when
affecting the nearby gene. Boyd et al.
went beyond this point and first
showed with a chromosome
conformation capture assay that HARE5
indeed interacts with the promotor of
Fzd8 in the developing cortex of mice.
Much more importantly, they then tested
the functional consequences of an
enhanced Fzd8 expression by generating
new transgenic mice that express
Fzd8 under the control of human
HARE5 or under the control
of chimpanzee HARE5. Compared to
wild-type mice and mice transgenic for
the chimpanzee construct, mice with
the human construct had more dividing
neural progenitors because their cell
cycle lasted 9 hours instead of 12 hours.
The authors also showed that six days
later — shortly before birth — this resultsurrent Biology 25, R409–R430, May 18, 2015 ªin a 12% increase of cortical surface area,
more mid-layer neurons and a lateral
expansion of the ventricular zone, i.e.
the cell layer containing most dividing
neural progenitors in mice. A similar
phenotype had also been observed in
transgenic mice expressing an overactive
beta-catenin, an important effector of
the Wnt signaling pathway [7].
Hence, it seems plausible that the
human brain is larger than that of
chimpanzees partly because genetic
changes in HARE5 lead to higher
expression of FZD8 and, via downstream
effectors like beta-catenin, to a shorter
cell cycle and faster proliferation of neural
progenitors. As also noted by Boyd et al.,
it will be important to show that FZD8 is
indeed more highly expressed in human
than in chimpanzee or rhesus neural
progenitors to confirm such a scenario.
Since regulatory regions can have a high
turnover rate [8], it cannot be excluded at
this point that the effects of HARE5 are
counterbalanced by genetic changes in
other regulatory elements affecting FZD8
expression. Transfecting larger genetic
regions, as has been done for testing the
effects of the human microcephaly
associated gene ASPM on brain growth
[9], could also be helpful in this respect.
Another promising approach could be to
study the causal relation between human
HARE5 and a faster cell cycle in human
brain organoids, i.e. in three-dimensional
cell cultures derived from stem cells [10].
These systems could also be helpful to
follow up how HARE5 affects the different
types of progenitors that exist, especially
in larger mammalian brains [4]. In the
mouse models studied by Boyd et al.,
HARE5-driven FDZ8 expression leads to
more apical progenitors that divide in the
ventricular zone. If these divide even
more, this leads to a folded ventricular
zone [7]. However, a folded ventricular2015 Elsevier Ltd All rights reserved R421
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Figure 1. Brain from a human and a
chimpanzee.
Since humans split from chimpanzees some 6
million years ago, the human brain has increased
3-fold in size. Boyd et al. [6] use functional
assays in mice to show that genetic changes in
an enhancer of the Wnt receptor FZD8 could
have contributed to this brain size increase.
(Photo: Todd Preuss, Yerkes Primate Research
Center. From Wikimedia Commons.)
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brains. Instead, only the cortical surface
is folded because basal progenitors
dividing closer to the cortical surface
make most of the neurons. Hence, it is
thought that mammalian brains get
larger by expanding mainly the basal
progenitors [3,4]. Indeed, neuron
numbers in mammals with large, folded
brains can be accurately predicted by the
length of the neurogenic period and
proliferation of basal progenitors [11],
and experimentally inducing proliferation
of basal progenitors in the folded brain
of the ferret does lead to an expansion of
the cortical surface [12]. Moreover,
a very recent paper also showed that
a human-specific gene duplication
increases the proliferation of basal
progenitors when expressed in mice [13].
So if HARE5 is causing a faster
proliferation in human apical progenitors,
this might indicate that not only basal
progenitors expanded during human
brain size evolution. There are many
enhancers that have changed their
expression during human evolution [14]
and human-specific deletions ofR422 Current Biology 25, R409–R430, May 1enhancers are even enriched near
suppressors of cell proliferation acting
during cortical neurogenesis [15]. Hence,
more candidate regions should be
investigated, ideally in a systematic
manner, to better gauge how many
genetic changes in which molecular
pathways, and in which progenitor cells,
contributed to human brain size
evolution. Complementary efforts
investigating brain size evolution in
other species will be crucial to
increase the statistical power of such
genotype–phenotype correlations [16]
and to see, for example, whether
changes in HARE5 or other regulatory
elements of FDZ8 played a general
role during brain size evolution in
mammals.
We certainly are a special species
(although it would be nice to get
eventually some independent opinion on
this point) and we certainly have pretty
large brains. But maybe this notion that
humans and ‘higher’ primates have
special brains has also delayed a full
embracement of the comparative
approach (see [17] for an analysis on the
prevalence of progressionistic terms in
the current scientific literature). The
finding that proliferating basal progenitors
are not primate-specific as thought for
ten years, but are also present in other
mammals with large brains [18,19],
decisively advanced our understanding of
brain size evolution, but also the
understanding of human brain
development per se. So as exemplified by
Boyd et al., it is time to leverage the
unique type of information present in
comparative data in a functional context.
This is crucial to better understand human
evolution. But it might also be an
important approach to understand the
molecular and cellular mechanisms of
human biology [20].REFERENCES
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Establishment of a neuronal system requires proper regulation of the F-actin-rich leading edges of migrating
neurons and neurite growth cones. A new study shows that RhoG signals through the multi-domain protein
anillin to stabilize F-actin in these structures.In order for you to read and comprehend
these words, your nervous system must
take in and process innumerable signals.
Your nervous system’s ability to perform
this task rapidly and accurately is
dependent on a highly complex neuronal
signaling network that was established
during your development [1]. The
generation and function of this incredibly
intricate system has been the focus of
decades of research. However, given the
complexity of the system, it is not
surprising that there is still much we do
not know.
An important early event in nervous
system development is the migration of
neuronal cells to specific locations within
the body. Once properly positioned, these
cells generate extensions called neurites
that ultimately develop into the axons and
dendrites that form the basis of neuronal
connectivity and communication [1].
Neurites are cylindrical cellular
projections that terminate in a growth
cone, which probes the surrounding
extracellular environment for guidance
cues that direct continued growth of the
neurite. Neurite growth is mediated by
actin polymerization at the leading edge,
and is polarized by engagement and
activation of growth cone receptors [2].
The cellular mechanisms mediating the
cytoskeletal responses to extracellularcues are not well understood. In a recent
issue ofCurrent Biology, Tian et al. [3] help
to elucidate the regulation of the
cytoskeleton in developing neuroblasts
by demonstrating a novel role for the
cytoskeletal scaffolding protein Anillin in
the regulation of the actin cytoskeleton
during neuronal migration and neurite
growth.
Historically, Anillin has been studied in
the context of cytokinesis. Cytokinesis is
the final stage of meiosis or mitosis, in
which a cell is physically divided. This
process is driven by the spatiotemporal
regulation of an actomyosin ring, called
the contractile ring, which forms at the
equatorial cell cortex upon localized
activation of the small GTPase RhoA.
Anillin is believed to scaffold many
components of the contractile ring as it
has been shown to bind F-actin, non-
muscle myosin, septins and plasma
membrane lipids, as well as regulatory
players including active RhoA [4].
Recently, however, Anillin has been
implicated outside of cytokinesis. In the
epithelia of Xenopus embryos, Anillin
regulates cell–cell junction integrity by
organizing the enrichment of actomyosin
and active RhoA [5]. Additionally, Anillin is
required in the nematode Caenorhabditis
elegans for proper ventral closure, a
developmental event in which theepidermal cells encase the ventral surface
of the embryo [6]. In the human body,
Anillin expression is highest in the central
nervous system, suggesting that it may
also be important for central nervous
system development and/or function [7].
Tian et al. set out to determine if Anillin
functions in neuroblast migration and
neurite growth by studying the Q
neuroblast lineage of C. elegans. The
translucent cuticle of the worm allows for
live imaging of neuroblasts in the intact
animal. C. elegans larvae initially contain
twoQ neuroblasts. Each Q cell undergoes
three rounds of asymmetric division. The
first division gives rise to two non-
migratory cells, while the subsequent
divisions produce one non-migratory cell
and three cells that migrate to well-
defined positions, where they differentiate
into interneurons and sensory neurons.
The remaining two cells undergo
apoptosis [8]. The authors first
determined the localization of the
C. elegans Anillin homologue ANI-1 by
performing live imaging of ANI-1::GFP
expressed under the control of a Q
lineage-specific promoter, which drives
expression specifically in Q neuroblasts
and their decendents. In non-migratory Q
cells, ANI-1Anillin localized to the
contractile ring in cytokinesis and the
nucleus during interphase, consistent2015 Elsevier Ltd All rights reserved R423
